This paper presents a new HPLC technique for the determination of biogenic cations such as amino acids and nucleobases, using a weak-acid cation-exchange column. Fourteen analytes, five amino acids and seven bases in addition to creatinine and creatine, were separated in 12 min by means of a two-liquid gradient elution with UV detection. The newly released column packed with a carboxy-functionalized polymethacrylate resin could give excellent selectivity to the organic cations of interest, although such a column is in general suitable for the separation of inorganic common cations. The chromatographic intra-day repeatability was very good with RSDs less than 0.4%, and the quantitation precision based on peak area intensities was also good with RSDs less than 5% for all analytes. The linear calibration lines for quantitation ranged between 5 and 500 μM on 20-μL injections with R 2 more than 0.9990. Since the method could provide concentration data of urinary creatinine and some metabolites simultaneously, for example, the urinary phenylalanine/ creatinine ratios for phenylketonuria of inborn errors of metabolism were simply determined through one chromatographic run. The ratios for patients were significantly higher than those for controls. We found that the new weak-acid cationexchange column was suitable for the separation of organic cations as well as inorganic cations.
Introduction
It has been a long time since cation-exchange column chromatography of amino acids was automated by Moore, Spackman, and Stein. 1, 2 It took 24 h in those days to separate protein hydrolysates. Nowadays, an amino-acid analyzer based on cation-exchange chromatography can provide, in general, separation in 1 h. On the one hand, we have proposed lowcapacity cation-exchange chromatography techniques [3] [4] [5] [6] for the analyses of biogenic cations such as amino acids and creatinine, using low-capacity sulfoacylated 7, 8 macroreticular styrenedivinylbenzene copolymers. Such low-capacity columns can facilitate a 50-min separation of underivatized proteinogenic amino acids using a binary gradient high-performance liquid chromatography (HPLC). 4 After this, a more efficient and selective packing material was developed, 9 and a 23-min separation of 17 underivatized proteinogenic amino acids was attained with a resolution of 1.0 for critical peak pair (isoleucine and leucine), using a self-made polyfunctional low-capacity cation-exchange column. This can provide cost-effective results or information for the high-risk screening or chemical diagnosis of inborn errors of amino-acid metabolism. 10, 11 However, since such polyfunctional materials are unavailable from the market at present, several low-capacity cation-exchange packing materials, being selective to organic cations such as amino acids, nucleobases, and nucleosides, have been newly designed and developed jointly with a column-packing manufacturer. From the cooperative studies, a new HPLC method for simultaneous determination of UV-absorbing urinary metabolites such as histidine derivatives, aromatic amino acids and creatinine have been presented, 12 which allows for the determination of the analyte/creatinine ratios for diagnostic marker amino acids through a single chromatographic run. Since the ionic characteristics of amino acids and nucleobases are very similar each other, it is difficult to isolate them into different fractions even if a cation-exchange preparative pretreatment is performed for urine samples. 13, 14 Therefore, it is useful to construct a simultaneous separation method for such organo-cationic species coexisting in biogenic fluids. Reported in recent years have been some LC methods targeting nucleosides and/or nucleobases [15] [16] [17] [18] [19] or amino acids 4, 9, 20, 21 individually; however, a liquid chromatography method has not been reported so far except liquid chromatography/mass spectrometry (LC/ MS) methods with 22 and without 23 precolumn derivatization. As is often the case with LC/MS, the mass identification may make up the insufficient LC separation. The chromatographic separation should precede all detection methods including MS from the separation-science viewpoints; and is important and essential for the reproducible and cost-effective analysis of such organic cations. This paper presents a new HPLC method for the simultaneous determination of UV-absorbing nucleobases, amino acids, and creatinine using a newly designed cation-exchange column packed with a carboxy-functionalized poly-methacrylate resin. Since, in general, such carboxy-type columns are exclusively used for the simultaneous separation of alkali and alkaline-earth metal ions, namely common cations including ammonium ion, their selectivity to organic cations is still unknown or unexploited in the ion chromatography world. It is the point of this work that the hidden selectivity of the carboxy-type column to biogenic cations has been discovered from our column evaluation study. A fast and efficient chromatography method was constructed using a new ion-chromatography column, which could provide the significant phenylalanine (a diagnostic marker)/creatinine ratios for urine samples from newborn patients with phenylketonuria of inborn errors of metabolism, as an example of application to real samples.
Experimental

Reagents and chemicals
, creatine (Crn), creatinine (Cre), uracil (Ura), thymine (Thy), xanthine (Xan), hypoxanthine (Hyp), cytosine (Cyt), guanine (Gua), and adenine (Ade) were purchased from Wako Pure Chemicals (Osaka, Japan) or Tokyo Kasei (Tokyo, Japan). Phosphoric acid of guaranteed grade was obtained from Wako Pure Chemicals. Acetonitrile of HPLC grade and ethylenediamine (EDA) of 99.5% grade were acquired from Sigma-Aldrich Japan (Tokyo, Japan).
Urine samples
Five urine samples from patients with phenylketonuria (PKU), and five control urine samples from healthy newborns were subjected to the analysis. They were preliminarily separated into their basic fractions, leading to a considerable dilution of the intact urine. The separation and cleanup procedure has been described in our previous paper. 13, 14 Also, a direct injection of urine sample pretreated simply by filtration with a 0.2-μm filter (HP020AN, Advantec, Tokyo, Japan) was available as demonstrated in this application study.
Analytical column
A Mitsubishi Chemical Corp. (Tokyo, Japan) MCI ® GEL CHK45/C04 column packed with carboxy-functionalized polymethacrylate cation-exchange resin (functional group: dicarboxylic acid; particle size: 4 μm in average; dimension: 4.6 mm × 150 mm; pressure limit: 12 MPa, available pH: 2 -12) was furnished by courtesy of the manufacturer. Such a carboxylic-acid type column is in general suitable for the separation of common cations, such as Na , and Ca 2+ . The separating power of it was compared with that of a Tosoh (Tokyo, Japan) TSKgel IC-Cation I/II HR (carboxyl-type cation-exchange column, particle size: 5 μm, 4.6 mm × 100 mm), a preceding commercially available ion chromatography column for common cations. To begin by stating the conclusion, the two materials were similar but different in the selectivity to organic cations.
Apparatus
The binary gradient HPLC system consisted of a Hitachi (Tokyo, Japan) L-7100 four-liquid delivery pump; L-7610 degasser; L-7200 column oven; L-7400 UV-Vis spectrometric detector; a Rheodyne (Cotati, CA) 7725i syringe loading sample injector with a 100-μL loop; a Runtime Instruments (Sagamihara, Japan) Chromato-PRO data processing device and software working under a Windows ® environment.
Chromatographic conditions
Two solvents, A: 6 mM H3PO4/0.7 mM EDA/5% (v/v) CH3CN and B: 6 mM H3PO4/0.7 mM EDA/35% (v/v) CH3CN were used as the mobile phase. Binary gradient elution systems were established by optimizing a gradient program for the solvent delivery ratios at a constant flow rate (1.0 mL/min) as listed in Table 1 . Other conditions were as follows: UV detection wavelength: 210 nm; column temperature: 40 C; sample size: 20 or 10 μL (by micro-syringe scale).
Results and Discussion
Fundamental column performance
The fundamental performance of the carboxy-functionalized cation-exchange resin of interest was characterized in advance of the optimization study for the separation of organic cations. Although the overall molar concentration of the carboxy groups, i.e. whole capacity by cation-exchangeable functional groups, in weak-acid cation-exchange resins is in general very high, e.g., exceeding 1 mol/L-resin, the working cation-exchange sites under a weakly acidic pH condition on cation chromatography are thought to be very small, e.g., in the order of mmol/L-resin or less. We recently have developed a capacity analyzing system, 24 which looks like an ion-chromatography system without sample injector, and also have improved the equilibration buffer system. 9 This can provide a dynamic capacity curve, that is, plots of the changes in dynamic exchange capacities (DECs) over the column effluent pH after equilibration with several buffer solutions. The mole flux of H + required for exchanging from Na + -form to H + -form of the cation-exchange resin (molar concentration × time × flow-rate) can correspond to the dynamic cation-exchange capacity 24 under the buffer pH conditions subjected. The prefixed term dynamic implies the effective capacity on the chromatography process. Figure 1 shows DEC curves of the two carboxy-functionalized cation-exchange packing materials for MCI ® GEL CHK45/C04 of interest and TSKgel IC-Cation I/II HR as reference. The cation exchange capacities were naturally dependent on the surrounding pH in columns; or the DECs increased accordingly as the pH increased. Both curves look similar. The slope of the increase became steep when exceeding pH 6; and the measurement became timeconsuming and difficult over pH 7 because the dissociation of carboxy groups is highly promoted under alkaline conditions. In the CHK45/C04, the working capacity for the separation of common cations under an eluting condition around pH 2 by sulfuric acid was actually in 20 mmol/L-resin level or lower; and that for amino acids and nucleobases in this study was also in low level around 50 mmol/L-resin (at pH 2.5). On the other hand, the working capacity of IC-Cation I/II HR under acidic conditions was lower than that of CHK45/C04. Such dynamic capacity curves exposed here, probably for the first time, can provide very suggestive and characteristic information for weakacid cation-exchange materials, compared to those obtained by a classical batch titration method. 25 The fundamental column performance was ascertained by separating Li + , Na + , NH4 Binary gradient elution A binary gradient elution condition was studied for the separation of the 14 analytes listed in the Experimental section. Since the ion-exchange reaction occurring between mobile and stationary phases is relatively slow due to the diffusion-control process of ions, a lower flow rate, typically 0.3 -0.5 mL/min, is recommended in amino-acid separation based on cationexchange chromatography. Therefore, the flow rate was set at 0.50 mL/min in the first optimization study. On the one hand, the UV detection at 260 nm is specific to nucleobases; however, UV 210 nm was commonly used considering the UV sensitivity of aromatic amino acids and creatinine. 5, 6 In order to select a set of the binary solvent system A and B, the 14 analytes were classed into three groups, i.e., six weakly retained species (W): Ura, Thy, Xan, Hyp, Met, and Crn; four moderately retained species (M): His, Cre, Cyt, and Tyr; and four strongly retained species (S): Gua, Phe, Ade, and Trp. The compositions of the solvents were individually fixed by considering their isocratic separation data; and the final gradient program for the two solvent-delivery pumps was optimized after much study with trial and error. Since the cation-exchange interaction may occur on a low-capacity region, a phosphate buffer system of relatively low concentration is recommended because of its suitable eluting power. 4, 9, 12 The phosphoric acid concentration and acetonitrile content were major parameters for the selection of the mobile phase A and B. The various combinations of H3PO4 between 5 and 20 mmol/L and CH3CN between 1.5 and 18% (v/v) were examined to obtain good separations for the groups (W) and (M) analytes. Since the addition of ethylenediammonium ion into the mobile phase has been effective to shorten or change retention times of basic amino acids, such as His, without any peak tailings, 12 the optimum concentration of EDA in the acidic mobile phases was studied systematically. From the many isocratic elution results for the individual analyte groups, the three parameters for the mobile phases were determined as (A) 6 mM H3PO4/0.7 mM EDA/5% (v/v) CH3CN and (B) 6 mM H3PO4/0.7 mM EDA/35% (v/v) CH3CN. Considering the isocratic data, the time program for binary gradient elution was carefully optimized, which could lead to a good separation in 25 min.
Although such a 25-min separation of the 14 analytes may be practically acceptable for the analyses of real samples, 9, 12 there is the possibility of improving chromatographic run time; this is because the column used can permit a high flow-rate elution at 1.2 mL/min as used in the separation of inorganic cations without a decrease in chromatographic resolution. Therefore, the flow rate was set at 1.0 mL/min to establish a more highspeed separation, considering the upper limit of the column back pressure. As a result, it was found that the chromatographic resolution was almost unchanged by increasing the flow rate. However, a minor change in the binary gradient program was necessary for more excellent separations. The final optimized time program is listed in Table 1 . A high-speed separation of the standard mixture was established in approximately 12 min with resolution more than 1.3 (of the critical peak pair, Tyr-Cre) as shown in Fig. 3 . The back pressure varied between 7.5 and 9.0 MPa during the chromatographic run. In addition, because the re-equilibration of the column required about 3 min, the On the other hand, the dual-mode gradient elution technique 5, 12, 26 has been useful for more high-speed separation. However, such a technique could contribute to saving only 1 min in time for the chromatographic run. Therefore, the single-mode gradient was employed in this work for generality.
Method validation
The binary gradient HPLC method for the determination of the 14 biogenic metabolites was very reproducible and quantitative, as given in Table 2 . The intra-day repeatability of chromatography was very good within 0.4% of RSD of retention times for each analyte, which could imply that the cycle time was adequately defined. The peak area intensities within day based on a vertical-partition integration for adjacent peaks were also precise for the determination of the analytes with less than 5% of RSD. The inter-day reproducibility for both was somewhat lower, probably due to eluent re-preparations. Since nucleobases, especially Gua, seemed to be unstable in the standard mixture (probably due to solubility), the inter-day area reproducibility was relatively poor. The linear range of calibration line for each was practical with a determination coefficient (R 2 ) of over 0.9990. The method was sensitive for the UV-absorbing analytes of 2 -18 pmol (in 20 μL) in detection limits (LODs). The quantitation limits (LOQs) were definable to be three times higher than LODs. The recovery data were obtained by spiking the standard mixture to 10 different intact urine samples. Although a little matrix effect was observed in some cases, the recovery seemed to be acceptable. However, it may be necessary to perform preliminary separation of the basic species from some hydrophobic acidic metabolites that can interfere with the quantitation. This is discussed in the following Application section.
Application to PKU urine samples
Since the urinary nucleobases seemed to be less abundant compared to amino acids, the method utility was demonstrated by analyzing a diagnostic marker amino acid in urine samples from several patients with PKU, and from healthy newborns as controls. Figures 4 and 5 show typical chromatograms for control and PKU urine samples, respectively, obtained by injecting a 10-μL aliquot of the intact urine after subjecting 0.2-μm filtration. The intense and common peaks appearing in both groups of urine samples within 3 min are probably due to UV-sensitive organic acids of normal urinary metabolites. Therefore, the 13 analytes other than uracil may be less influenced even without preliminary fractionation treatment. Creatinine is a normal metabolite excreted in urine, and is used as an internal standard to correct spot urine samples containing some target metabolites of interest. Since urine contains various kinds of organic species, the standard addition method was useful for the determination of creatinine and phenylalanine (a diagnostic marker of PKU) in this work to reduce some matrix effects. The quantitation results are Table 1 ; flow rate, 1.0 mL/min; column temperature, 40 C; detection, UV 210 nm; sample size, 20 μL. Concentration: 0.10 mM, nucleobases and Trp; 0.20 mM, His, Phe, and Tyr; 0.50 mM, Cre, Crn, and Met. Table 3 .
Since the method can provide concentrations of creatinine and amino acids simultaneously, the analyte/creatinine ratios are easily determined for chemical diagnosis of inborn errors of metabolism such as PKU.
The phenylalanine/creatinine ratios for PKU urine samples (0.42 -0.88) were significantly higher than those for healthy urine samples (0.025 -0.073), which could be simply calculated from their area integration data. Although the urine samples analyzable are limited by our laboratory because we are not a medical department or part of a hospital, it is undeniable that the method can provide the conclusive information for the diagnoses of several kinds of inborn errors of amino-acid metabolism such as PKU (marker, phenylalanine), tyrosinemia (tyrosine), homocystinuria (methionine), and so on, with single chromatographic runs. Although the standard addition method has been effectively subjected to the intact urine this time, some preliminary separations are more effective, but are timeconsuming, to remove several UV-sensitive organic acids that can interfere with amino acids as seen in Fig. 5 . The peaks observed in Fig. 6 are all of organic cations.
Conclusions
The present HPLC method can provide the simultaneous determination of creatinine and UV-absorbing biogenic cations such as nucleobases and amino acids, while urinary creatinine is in general analyzed by means of a traditional spectrophotometric method. 27 The present method is cost-effective and eco-friendly, and has analytical merit providing significant analyte/creatinine ratios through one chromatographic run. If the UV detection wavelength is set at 260 nm, the selectivity to nucleobases is improved optically, in which the use of diode-array UV-Vis detector is recommended. If the post-column derivatization detection, for example o-phthalaldehyde fluorescence detection, is used, the sensitivity and selectivity to amino acids can considerably increase. In addition, if the column effluent is monitored with a conductivity detector, inorganic cations such as Na + and Ca 2+ in biological fluids are analyzable using the same column with a sulfuric acid eluent (see above). In addition, the column performance has been almost unchanged for a long period through this optimization study carried out often under severe conditions for the stationary phase. We can conclude that this kind of carboxy-functionalized CHK45/C04 column is suitable for the analyses of both organic and inorganic cations. We have found the diversity of the column; and study on further developments in separation is now under way, and the results will appear in due course.
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